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ABSTRACT 

As part of a program of In situ acoustical measurements in ocean 
sediments, an experimental Investigation has been started in order 
to examine the feasibility of measuring shear wave speed, shear 
wave attenuation, and bulK density by using Instruments similar 
to the compressional wave profllometer previously developed at 
ARL/lPT. Small, rugged shear wave transducers have been developed 
that have the capability of measuring shear wave speeds as low 
as 2 m/sec and shear wave attenuation to 520 dB/m in laboratory 
sedUnerrts with sear strength on the order of 10^ dynes/cm^. 
Measurements were made of the shear wave speed and attenuation in 
high porosity Kaolinite clay as the clay consolidated over a 
period of time. Water content of the clay was measured during 
part of the experiment, allowing shear wave speed to be reported 
as a function of water content. 

Experimental and theoretical Investigation of the measurement of 
bulk density by acoustical means indicates that the radiation 
impedance of a driven piezoelectric ceramic transducer can be 
determined by measuring the electrical input to the transducer. 
Preliminary measurements of these parameters are reporten. 

As an adjunct to the other measurements, physical properties of 
the sediments used in the laboratory measurements were determined 
and are reported. 
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I. GENERAL INTRODUCTION 

In an ongoing effort to deteralne the definitive acoustic 

parameters of ocean bottom sediments in situ, a program was institute 

at Applied Research Laboratories, The Uriversity of Texas at Austin 

(ARL/lfT), to measure shear wave speed and attenuation in a manner 

Similar to that of the compresslonal wave profllometer previously 

developed and reported (Shirley and Hampton, 1972; Shirley and 

Anderson, 1973» Shirley et al., 197M* as well as to determine sediment 

bulK density by measuring the radiation impedance of a driven compres- 

sional wave transducer. The program also involved measurement of the 

engineering properties of the sediments used in the other studies. 

Preliminary work on all aspects of the program have been reported 

previously (Shirley and Anderson, 1973b). This report will involve 

only those results not previously reported. A transducer configuration 

that allows measurements to be made in high porosity sediments (shear 
Pj O 

moduli ~lCr dynes/cm ) over pathlength of 5 to 10 cm has been developed. 

These transducers have been used to make measurements of shear wave 

speed and attenuation in laboratory sediments. Shear wave speeds as low 

as 2 m/sec and attenuation coefficients as high as 520 dB/m have been 

measured. At present the transducers exhibit sensitivity to ambient 

acoustical noise which limits their usefulness for in situ measurements. 

Hovever, future work in this area is aimed at reducing this noise 

sensitivity and then proceeding to in situ measurements. 

Improvement in capabilities to make acoustical measurement of a 

sediment bulk density has progressed to the point that measurement of 

the parameter has been made in laboratory sediments. This was done by 

measuring the phase angle between the voltage and current waveforms of 

a transducer in contact with the sediment that is driven at a constant 

frequency. Observed data indicate, however, that, as expected, this 
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measurement Is sensitive to parameters other than pc, especially to 

ambient temperature. Transducer theory indicates that if the driving 

frequency i3 varied in order to maintain the transducer at resonance 

and if the driving voltage is kept conrtant, then the amplitude of 

the current waveform will reflect the value of radiation impedance 

n b., the transducer. Indications are that this type of measurement 

-ill be less sensitive to parameters other than the radiation impedance. 

Measurements of engineering properties have proceeded in step 

with the acoustical laboratory measurements. All laboratory sediments 

usea in the acoustical program have been analyzed and characterized 

by measuring such parameters as grain size, Atterberg limits, water 

content, and vane shear strength. This part of the program will 

continue as new sediments are utilized, especially when in situ 

worn is done in natural sediments. 
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II. SHEAK WAVE MEASUREMENTS 

A. Introduction 

The measurement of shear wave speed and attenuation is important 

in the study of acoustics of sediments because as few as five acoustic 

parameters are usually sufficient to characterize the sediment. For 

example, if compressional wave speed (Cp) and attenuation (otp), shear 

wave speed (C ) and attenuation (a ), and bulk density (p) are 
s s 

measured, then other parameters such as bulk modulus, shear modulus, 

and Poisson's ratio can be calculated. Because the measureable 

parameters of a sediment are easily disturbed and changed in the 

process of sampling and removal from the ocean bottom, measurements 

are best made in situ. Toward this end, the ARL compressional wave 

profilometer was developed to measure compressional wave speed and 

attenuation during the process of sediment coring. Although some 

disturbance of the sample occurs during coring, measurement of the 

acoustical parameters at the lower end of the corer while it is 

penetrating the bottom (the first part to penetrate the bottom) 

minimizes the influence of the disturbance in comparison with measure¬ 

ments made after the core is retrieved aboard ship. 

After successful imp1 ementation of the compressional wave 

measuring device (Shirley et al, 197^)» the feasibility of developing 

a similar device to measure the shear wave parameters of a sediment 

was investigated . Although existing transducer technology was 

sufficient to implement the compressional wave measurement, no such 

technology existed for the measurement of shear waves in sediments. 
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B. Tranaducer Design 

There are several methods that can be used to generate shear 

waves in a solid. Figure 1 shows a schematic representation of one 

type of shear wave transducer. As an electrical signal is impressed 

across the electrodes, the material of the transducer is defoived in 

a manner illustrated by the dotted lines in the figure. If one of 

the element faces which experiences transverse motion due to the 

deformation is in contact with a solid medium, a shear wave will be 

propagated in a direction perpendicular to the motion of the element 

face. An AC cut quartz crystal or a piezoelectric ceramic that is 

polarized perpendicular to th*» applied field can be used for this type 

shear wave transducer. Because a transducer of this type exhibits 

reciprocity, it can be used both to generate and to detect shear 

waves . 

There are two drawbacks to using this type transducer to measure 

shear waves in sediments and they are listed below. 

(1) The lowest possible frequencies are desirable for such 

measurement because the attenuation of acoustic energy in 

a sediment increases with increasing frequency. It is 

difficult to generate low frequency shear waves with this 

transducer type because the shear wave element acts as a 

vibrating bar and the resonance is a function of the bsur's 

stiffness. The transducer element thus requires a large 

length-to-thickness ratio to have a low resonance frequency. 

(2) The amount of mechanical motion that can be transferred from 

the element to a sediment is small Decause the element exhibits 

a small movement with large force, whereas the sediment is 

highly compliant and exhibits large movement with small 

applied force (l.e., there is a large mismatch between the 

characteristic impedance of the element and that of the 

sediment). 
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ELECTRODE 
SURFACE 

DIRECTION OF 
SHEAR WAVE 
PROPAGATION 

FIGURE 1 
SHEAR WAVE TRANSDUCER 
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In a preliminary effort to overcome these disadvantages (Shirley 

and Anderson, 1975), the basic shear element was modified by dividing 

the element into thin slices to decrease the stiffness and increase 

the compliance. This modification resulted in a 54.5 dB increase in 

amplitude for a sliced element when compared to a solid element of 

the same size. However, even with this improvement work could be 

done only in sediments with shear moduli of 5 * dynes/cm or 

greater ( Shirley and Anderson, 1975 ) • 

Because work with more realistic sediments (with shear moduli 

in the range of 10^ to 10^ dynes/cm2) was necessary, a better way of 

generating shear waves was sought. 

For a piezoelectric transducer element operated well below 

resonance, the piezoelectric constant d is defined as 

mechanised «train developed 
diJ ~ applied electric field ' 

where the d^ are the terms of a 3 x 5 matrix. The first subscript 

defines the applied voltage field direction and the second defines the 

resultant strain direction. The numbers 1, 2, and 3 refer to the 

perpendicular coordinate axes, while numbers 4, 5, and 6 refer to 

rotations about these axes. The No. 3 direction is usually the direction 

of polarization of the ceramic . Thus, for a shear transducer the 

appropriate constant is which indicates a voltage applied 

perpendicular to the direction of polarization and which results in 

a rotation about the axis perpendicular to both the field and polariza¬ 

tion directions. From the definition of the piezoelectric constant, 

the mechanical strain is related to the applied voltage as follows, 

-, _ 9 
d15 " vT5 * 
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where 

tí is tiie rotation angle and thus the resultant strain, 

V is the applied voltage, and 

T is the thickness across which the voltage is applied. 

The amount of novement D of the shearing face of the transducer is 

related to the angle as follows, 

D = L tan 0 , 

where L is the length in the No. 3 direction (direction of polarization). 

Combining the two expressions above results in the following 

relation between the movement D and the other measurable parameters, 

V dis 
D = L tan — 

For the solid element transducer described above, the transducer element 

parameters are liste 1 be >w : 

L = 1 in. = 2.54 cm 

T = .1/2 in. - 1.27 cm 

d15 = 2 * 10"8 cxn/V. 

Thus, for V=100 V, the resulting displacement is 

D = 4.9 X 10 cm. 

If the same size (l/2 in. thick) element is composed of four 

1/8 in. thick slices Instead of a solid block, then the transducer 

parameters for this element are as listed below. 
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L = 1 in. - 2.54 cm 

T = 1/8 in. = O.317 cm 

d15 = 2X IO'8 cm/V. 

An applied voltage of V=10O produces a displacement of 

D = 2.0 X 10*^ cm > 

which is an increase of approximately 12 dB in amplitude. However, 

because these transducers are operated close to resonance and 

because the layered transducer has a lower resonance frequency (where 

attenuation in the medium is less), an even larger amplitude advantage 

is provided by the layered transducer design. 

Further Increases in displacement D and reductions in resonance 

frequency can be obtained by using ceramic bender bimorph elements 

in a shear wave transducer. Two such elements are operated back-to-back 

as shown in Fig. 2. The voltage is applied so that one element Is 

expanding while the other is contracting, which results in a force tending 

to bend the composite element. For this type element, the appropriate 

piezoelectric constant is d^ because the electric field is applied in 

the direction of polarization; however, the resultant strain of an 

Individual element is along the length of the element. The displacement 

of the end of the bimorph element, transverse to the individual element 

displacement, is given by 

D 1 
2 

l8v 
31 

Parameters for such a bimorph transducer eure listed below. 

L = 1 in. = 2.54 cm 

T2 = 1/8 in. = O.317 cm 

d^ = -5.8 X 10-^ cm/V 
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For a bimorph transducer with the above parameters, a voltage of 

V^lOO V, results in displacement 

This displacement is about a 9 dB increase over the displacement of 

the layered shear plate. However the resonance frequency of the 

bimorph is much lower. 

For the shear plate, the resonance frequency, f, is given by 

where F is the frequency constant of the ceramic material. For the 

ARL transducer f279/1=79 for the shear plate. Conversely, for 

the bender bimorph, the resonance frequency is described by 

so 

t 

U) 

for the bimorph. Because of its inherently large mechanical motion and 

its low resonance frequency, the bimorph was chosen as the appropriate 

rlernent for use in a shear wave transducer for sediment work. 

To use the bimorph element to generate shear waves, the propagation 

medium is placed in contact with one end of the element. As the bimorph 

bends back and forth in response to an electrical driving signal, the 

transverse motion of the end of the element generates shear waves in 

the portion of the medium in contact with the moving end. The bimorph 

10 



must be made as thin as possible to increase amplitude and decrease 

resonance frequency; therefore, an array of bimorph elements, 

separated by a layer of high --ompliance material, is used to 

increase the area of the radiating surface. Such a bimorph array 

illustrated in Fig. 3. Here there are three bimorphs in the 

array, each of which is 1/8 In. thick, 1/2 in. wide, and 1 in. long. 

Corprene sheets of l/l6 in. thickness are used to separate the 

individual bimorphs of the array. The dimensions of the total array 

are then 1/2 in. x 1/2 in. x 1 in. 

C. Measurements 

Bimorph transducers were cemented to each end of a 2 in. dlam 

b> 1 m long plexiglass rod. This rod was selected as the propagation 

medium to be used to compare the different types of shear wave trans¬ 

ducers (Shirley and Anderson, 1975) because it exhibits essentially 

constant propagation parameters which a laboratory sediment would not. 

Figure k shows an oscilloscope photograph of the received waveforms. 

A maximum amplitude was obtained at I.67 kHz. With no preamplifier, 

the output from the element was 2.5 Vp-p, with a projector drive level 

of 500 Vp-p, which is 15 dB better than any other type of transducer 

tested. The maximum at 1.67 kHz probably does not represent the 

resonance frequency of the transducer, but rather represents the 

breakover point between increasing output from the transducers and 

Increasing attenuation in the plastic rod. The system provided usable 

signal levels from about 70 Hz where the signal was obscured by noise 

up to about 10 kHz, at which point the compressional waves from the 

device interfered to obscure the shear waves. 

To determine whether the transducer system would operate 

satisfactorily in a sediment, the transducers were mounted diametrically 

opposite on a stainless steel cylinder so that the separation between 

transducer faces was I.92 in. (4.88 cm); the cylinder was then filled 

with sediment. The projector was driven by a single cycle pulse with 

a peak-to-peak amplitude of 600 V and a frequency of 338 Hz. The 

signal from the receiver was amplified by 40 dB, was filtered by a 

11 



FIGURE 3 
SHEAR WAVE TRANSDUCER 

UTILIZING BIMORPH ELEMENTS 
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200 to 1500 Hz bandpass filter, and was displayed on an oscilloscope. 

Figure 5 shows an oscilloscope photograph of the output when a black 

soil with 63.8Í water ( water ^ wt. of water/wt. of solids + water x 100) 

and wet bulk density of 1.2y g/cm' was used as the propagation medium. 

The shear wave is the large pulse on the trace starting 13.5 msec after 

the beginning of the transmit pulse. By using the 4.88 cm separation 

between transducers, a shear wave speed of 3.6 m/sec is calculated. 

The low amplitude, higher frequency pulse at the start of the trace is 

the residual of a much larger signal that has been nearly eliminated 

by the bandpass filter. This precursor pulse is generated at the 

start and end of the low frequency driving signal and has a frequency 

of about 9*7 kHz. The pulse travels as a compressionax wave around the 

circumference of the steel cylinder. This energy Is probably due to 

thickness mode vibration of the transducer array, and propagation of 

the resultant compressional wave energy will occur perpendicular to 

the direction of propagation of the shear waves. 

By using the relationship 

* = pCs2 

where u is the shear modulus and p the bulk density of the medium, a 

value of I.67 y 10^ dynes/cm2 is calculated for the shear modulus of 

the clay. This calculation confirms that the transducers can be used 

to make measurements in naturally occurring clays and muds which have 

a shear modulus range of 10^ to ICr dynes/cm2 (Anderson, 1974). 

As yet the only sediment that has been used extensively for shear 

wave propagation is the pure kaolinite clay. It was felt that the 

kaolinite had more uniform and easily understood physical properties 

than any of the other sediments that were available for these 

experimt nts. 

14 



VERTICAL SCALE: 5 «V/ëiv 
HORIZONTAL SCALE: 5 m»m</4W 

40» CAIN 
f*> 33E Hs 

FIGURE 5 
SHEAR WAVE PROPAGATION 

IN BLACK CARBONATE CLAY 

ARL • UT 
AS.79-1320 
DJS - OR 
10-3-79 



After development of the bimorph shear wave transducer, a program 

was started to meas ire shear wave speed and attenuation in laboratory 

mixed sediments. For an accurate measurement of shear wave speed, both 

the spacing between transducers and timing of pulses must be accurately 

known. To facilitate these measurements, a chamber was constructed so 

that the transducer spacing could be measured with a micrometer. 

Figure 6 shows a schematic drawing of the chamber, which consists of a 

cylindrical aluminum pot 4 II/16 in. i.d. by 8 in. high, with 5/8 in. 

thick walls. Transducers were affixed in diametrically opposed holes 

through the walls of the cylinder 3 in. above the bottom of tie 

chambers. The receiving transducer was rigidly fixed, while the 

projector was mounted on the end of a smaller cylinder which could be 

moved radially in and out of the larger cylinder by a micrometer 

positioning device that was accurate to 0.001 in. The pot could then 

be filled with a sediment and the transducers positioned to an accurately 

known spacing. 

Time delay information was obtained by using a 2-channel oscilloscope 

to display the received signad, along with a variable length square pulse 

which started in coincidence with the start of the transmit pulse. By 

using the end of the square pulse as a cursor which could oe lined up 

with an easily identifiable feature of the received pulse, the time 

delay to that particular feature could be determined by measuring the 

period of the pulse with a frequency counter. In actual practice the 

difference in time delay to a feature on the received pulse and to the 

same feature on the electrical feedover pulse from the projector was 

used to calculate shear wave speed. In this way, any inaccuracies due 

to distortion of the received pulse in the filter or the other electronics 

could be eliminated since tne received pulse is almost an exact replica 

of the electrical signal applisd to the projector transducer and since 

both the electrical feedover and the received pulse must travel through 

the same electronics circuits before being displayed on the oscilloscope. 
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FIGURE 6 
SHEAR WAVE MEASURING APPARATUS 
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Use of this method of time delay measurement gives a repeatability of 

about ±1.6£ for a ^ to 4 msec time delay. 

At this point, the noise levels encountered in these measurements 

should be described. In a quiet environment with few contributions 

from such sources as footsteps, speech, air conditioning noise, etc., 

the received shear wave pulse is usually several decibels above the 

background, as illustrated in Fig. 5. However, noise in the environ¬ 

ment can easily become large and can obscure the shear wave signal. 

This sensitivity to ambient noise severely limits the usefulness of 

the present transducer configuration and., because the ambient noise 

is in the same frequency range as the operating frequency, the band¬ 

pass filter cannot be used to eliminate it. One proposed solution to 

this problem is to use two receiving elements, one in contact with 

the medium to receive shear waves and the other isolated so that it 

will not respond to shear waves but will respond to any ambient 

noise. With the elements electrically connected so that their 

outputs oppose, the common mode ambient noise will cancel but the 

received shear wave pulse will not. This solution has not yet been 

implemented. 

One of the most straightforward methods of measuring the speed 

and attenuation of an acoustic wave is to measure the time delay and 

amplitude of the received pulse at several different transducer 

spacings. A plot of time delay versus separation would then yield 

a straight line whose slope is the speed of the acoustic wave. A 

plot of amplitude versus separation (with corrections for spreading 

loss) would similarly yield the attenuation coefficient. However, 

when an attempt was made to measure the shear wave speed and attenua¬ 

tion in this manner, it was found that any movement of the transducers 

disturbed the sediment and caused erroneous readings. If the trans¬ 

ducers were either moved together or separated, the time delay always 
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Increased, which indicates a slower shear wave speed. This suggests 

that the sediment frame was being fractured by the transducer motion, 

thus lowering the shear modulus of the -..iterial. 

One alternative to the above procedure is to leave the transducers 

fixed so that the sediment is not disturbed. By measuring the separa- 

tion of the transducers and the time delay, the shear wave speed can 

be calculated. The accuracy of this method is imited by the ambiguity 

in measurement of separation of transducers resulting from the finite 

thickness and unknown shear wave speed of the transducer window material. 

The resulting error is small because the window thickness is small 

(approximately l/l6 in.) in comparison to the sediment path length 

I from 5 to 4.5» in.). Another feature of this fixed transducer method 

is that is requires standardized calibration media of known attenuation 

if shear wave attenuation is to be measured. 

An alternate procedure, which is essentially a combination of both 

the previously discussed methods, is to use one fixed projector trans¬ 

ducer in conjunction with two or more receiving transducers fixed at 

different spacings. The time delay of each received pulse can then be 

plotted versus the measured spacing for that particular transducer to 

yield a line of slope equal to the shear wave speed. Similarly, 

attenuation measurements can be made by correcting the relative signal 

level from the two receivers for spreading loss and for individual 

receiver sensitivities. This procedure has required extensive modifi¬ 

cation of the existing laboratory apparatus, but the increased accuracy 

was felt to justify the action. 

The second of the three methods described above (fixed projector 

and single receiver) was used to make shear wave measurements in the 

pure kaolinite clay. The dry clay was mixed with water and thoroughly 

blended with a drink mixer to form a very liquid mixture. This liquid 

mixture was then subjected to a vacuum for several hours to remove any 

entrained air. The mixture was then poured into the transducer 

19 



apparatus shown In Fig. 6, and also described above. The projector 

transducer was backed out as far as It could be, and the clay-water 

mixture was again stirred with a rod to ensure a homogeneous mixture. 

The projector transducer was then moved to a selected position and 

timing was started. Hourly readings were made for the first few hours; 

then, as the clay became increasingly dense through the action of 

gravity and interparticle attraction, readings were made at Increasing 

time intervals. The measurements were made over a period of about 

150 h at three different transducer spacings: 9.75 cm, 8.4.8 cm, 

and 7.21 cm. In Fig. 7 the resulting measured values of shear wave 

speed versus time are shown. Zero time on the plot was actually 

20 min after the clay was stirred. For each successive run the 

clay was restirred in the container to the same consistency as at the 

start of the initial run. The shear wave speeds are not the same for 

each run, but the data for each run define a relatively smooth wave 

with only small scatter. The most disagreement in shape of the curves 

occurs at the start of each run. This disagreement is easily eeen in 

Fig. 8, where the scales have been expanded for the same data that are 

shown in Fig. 7. The peculiar behavior of the shear wave speed in the 

first hour becomes more pronounced as the transducers are positioned 

closer and closer together. This benavior is possibly due to the 

transducers compressing the sediment frame during initial setup for 

the measurements; thus a higher initial shear wave speed than would 

be normal would be caused. As time progresses, ti» excess frame 

pressure from the transducers relaxes and eventually disappears, so 

that the curve assumes its normal shape after abort 2 h. 

Attenuation data were taken on the same runs as the speed by 

recording the amplitude of the received pulse (Fig. 9). Figure 9 

shows the amplitude of the shear wave pulse plotted against the shear 

wave speed as the speed changed with time due to consolidation of the 

sediment. The solid lines in Fig. 9 are empirical fits to the data. 

Attenuation coefficients can be calculated for each value of shear 

wave speed by using values from the three curves and the physical 
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FIGURE 7 
SHEAR WAVE SPEED VERSUS TIME FOR KAOLINITE CLAY ARL . UT 

AS-7S-1322 
DJS - DR 
10-3-75 
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FIGURE 8 
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FIGURE 9 
AMPLITUDE VERSUS SHEAR WAVE SPEED FOR 

KAOLINITE CLAY DURING CONSOLIDATION 
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séparation of the elements. Figure 10 shows a plot of resulting values 

oí attenuation coefficient (in decibels/meter) versus shear wave speed. 

The aata exhibit an approximately inverse exponential relationship. 

The smooth curve is an empirical fit to the data with the equation 

a = 90 exp(3.5/c ) , 

wile re 

a - attenuation coefficient in decibels/meter, and 

ca = shear wave speed in meters/second. 

Because the attenuation is so high at shear wave speeds below 

6 m/sec, accurate measurements in media with high porosity are not 

easily made. However, some measurements have been made of shear wave 

speeds as low as 2 m/sec. Figure 11 shows an oscilloscope photograph 

of such a low speed shear wave. Signal levels were so low that the 

pulse could be observed only by making a time exposure with the 

oscilloscope camera to integrate the noise. With a transducer 

separation of 6.58 cm and a measured time delay of 33 msec, a shear 

wave speed of 2 m/sec is calculated. Comparison of the voltage level 

Ci this pulse to voltage levels at lower values of attenuation 

indicate an attenuation coefficient of about 520 dB/m. This 

coeificlent agrees well with an attenuation coefficient value of 

3I& dB/m, which is predicted by the above empirical expression for a 

shear wave speed of 2 rn/sec. 

The square of the shear wave speed is proportional to the shear 

modulus (u) and inversely proportional to the bulk density (p), both of 

which are dependent upon the porosity of the sediment. During one 

series of measurements, the sediment was sampled to determine the 

water content each time a shear wave speed measurement was made. 

Figure 12 snows the shear wave speed data versus time for the duration 

of the test. For the first 100 h of the test, the container was sealed 

to prevent evaporation of the water. As was previously observed. 
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during this interval the shear wave speed increases smoothly as the 

clay consolidates under the influence of gravity and interparticle 

forces ^ compare the first .50 h in Fig. 12 with Fig. 7). After 120 h, 

the seal on the container was broken, the excess water was removed 

from the top of the sediment, and th€ sediment was allowed to air dry 

ene remainder of the test. The increased rate of consolidation 

is rellected in Fig. 12 in the steeper slope of the shear wave speed 

curve beyond 110 h. Figure 15 shows a plot of the fractional water 

content in the clay samples for the same time period as Fig. 12. The 

scatter in the data demonstrates the difficulty of obtaining a good 

sample from the sediment. The samples were increasingly difficult 

to take as the clay became stiffer. Also, since there was a gradient 

of water content in the clay, any inaccuracy in repeating the sampling 

depth would be reflected as a variation in the apparent water content. 

Even when a small sampling tube was used, there is some disturbance 

of the sediment, as evidenced by a lowered shear wave speed immediately 

alter taking a sample. To eliminate this problem, it may be necessary 

to determine the sediment density by methods, such as nuclear density 

probe or by acoustical measurements of oc , which do not require 

removal of a sample. 

Figure 14 shows the shear wave speed data (from Fig. 12) plotted 

versus the sediment water content (from Fig. ly). The solid straight 

line is a least squares fit to the data points. If the linear trend 

of the data continues to higher water content, the axis intercept at 

which the speed is zero will be at 56.5/0 water content. Shear wave 

speed measurements for the higher water content will require more 

sensitive transducers and a quieter ■ .wironment. 

D. Conclusion 

The objective of this portion of the study has been to develop 

shear wave transducers suitable for use In determining in situ shear 
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wave properties of marine sediments. Transducers have been developed 

which are capable of making these measurements as long as the noise 

environment is low. Further work is now in progress to increase the 

sißfi^l-to-noise ratio and to utilize other laboratory sediments with 

different physical parameters for comparison of acoustical properties. 

In their present configuration, the transducers are capable of 

making shear wave speed measurements in a sediment with parameter 

values as low as a bulk density of 1.^8 g/cm^, a shear modulus of 
2 

5.5 X 10 dynes/cm , and a shear wave speed of 2.0 m/sec. With 

refinements in noise immunity and sensitivity, these limits can be 

pushed even lower. The next transducer design will include the use of 

thinner bimorph elements (to Increase transducer response) and some 

provisions ior elimination of common mode noise. New transducer design 

will also include a compressional wave element so that ccmpressional 

wave speed and attenuation can be measured at the same time anri over 

the same path as the shear wave measurements. Alternate techniques 

for measurement of bulk density of the sediment are being examined In 

order to reduce disturbance of the sediment. Techniques under 

consideration include a nuclear density probe and measurement of the 

characteristic acoustic impedance of ‘•'he sediment with a device to 

be described later in this report. 
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III. ACOUSTIC IMPEDANCE MEASUREMENT 

A. Introduction 

In the study of the acoustical properties of sediments, one of 

the parameters of interest is the sediment bulk density. The bulk 

density is the weight of a unit volume of the sediment and can be 

determined by removing an accurately measured volume of sediment and 

weighing it. However, when sediment is removed fron its normal 

environment, changes In such parameters as pressure and temperature 

cause inaccuracies in the measurement of the volume of the 

material. 

What is needed then is a device to measure in situ sediment bulk 

density without disturbing the sediment. One such device presently 

in use is the nuclear density probe. With this device the bulk density 

of the sediment is determined by measuring its opacity to eamma radia¬ 

tion. The nuclear density probe has some disadvantages, however, 

because the measurement is sensitive to the chemical composition of 

the sediment and a chemical analysis is required for accurate work 

(Pre1ss, 1966a and 1966b). Also there are the inconvenience and hazard 

involved in handling radioactive material. 

Another method of measuring the bulk density of a sediment (p) 

is concurrent measurement of characteristic acoustical impedance 

(pcp) and compressional wave speed (cp). This measurement can be mañ» 

by measuring the electrical input to a transducer immersed in the 

sediment. Changes in the electrical input are caused by variation of 

the radiation impedance presented to the transducer by changes in 

pcp of the sediment. 
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B. Background 

Fi¿ure 15 shovs a schematic diagram of the series equivalent 

circuit of a piezoelectric ceramic transducer. In the diagram, c 

is the static capacitance, Ro represents the dissipation in the ° 

static capacitance, L and C are the resonant circuit components of 

the transducer, is the dissipation in the transducer, and R is 

the radiative loading on the transducer. The transformation factor 

converts the mechanical output parameters to the electrical input 

parameters. For an ideal transducer, the lumped components L and C and 

the mechanical parameters M and K are related as follows (Hueter and Bolt, 

1955), 

and 

where M is the mechanical mass of the transducer and K is the mechanical 

stiffness. The radiative load has the relationship 

where ZR is the mechanical radiation impedance which in general is a 

complex quantity but which in the special case of large radiation area 

to wavelength ratio reduces to 

2¾ = 2P0CpA » 

where A is the radiating area of each transducer face. This relationship 

holds for radiative coupling from both faces of the transducer. It is 
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thus apparent that a direct relationship exists between the bulk 

density ,q or the medium and the radiation impedance of the transducer. 

This radiation impedance can in turn be measured by detemining the 

transducer admittance from its electrical input parameters. 

If one considers the complex admittance of a piezoelectric 

ceramic transuucer 

ï = G + IB , 

where Y is the complex admittance, G the conductance, and B the 

susceptance, then the relationships between electrical input »wh 

radiative output can be more clearly seen. Figure l6 shows plots 

of the motional admittance for a piezoelectric ceramic transducer. 

The larger admittance circle is for the transducer loaded by air and 

the smaller circle is for water loading. 

From the admittance circle diagram, the values for the components 

in the equivalent circuit can be calculated. The height, H, of the 
center of the circle above the G-axis is given by 

where fo is the frequency at the point on the circle intersected by 

a horizontal line through the center. This frequency is also the 

resonance frequency for the transducer with that particular loading. 

From the resonance frequency, and the two frequencies at 900 around 

the admittance circle from it, one can determine the Q of the circuit 

and thus can calculate L and C. The diameter (D) of the circle has the 

relationship 
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For air loading, Is essentially zero and 

D 

so that both the dissipative and radiative loading can be determined 

by the change In diameter of the admittance circle between measurements 

with the transducer in air and measurements with the transducer In a 

medium with finite 

There are problems associated with determining and due to 

dissipation in the transducer mounting and covering. Here these extra 

dissipations have been lumped Into with the actual dissipation Inside 

the element. As a result, R^ represents only that energy actually 

dissipated Into the medium of interest. 

C. Measurements 

Table I summarizes the parameters calculated for the particular 

transducer used to derive the circle plots In Fig. l6. The difference 

in Co between water and air loading reflec t changes in external 

capacitance. However, the change in L resulted both from the fact that 

the size of the radiation area of the transducer was on the same order 

as the wavelength so that Zp was complex and slightly inductive (instead 

of purely resistive) and from other factors such as a temperature 

difference for the two media. The transducer used In this case was a 

PZT disc of 9/l6 in. diam by 7/8 in* thick. 

In Fig. l6, two straight lines are shown from the origin to points 
on the respective admittance circles for the same frequency of 65.^31 kHz. 
The respective angles and then represent the phase angles between 

the voltage and current waveforms of the electrical input to the trans¬ 

ducer at the two different radiation loads for this selected frequency. 



TABLE I 

Water Loaded 

62.26 pF 

?'¿6.6 mH 

¿O .djS pF 

I.69 kíi 

8.91 kQ 

Air Loaded 

.64 pF 

¿9*6 mH 

8.61 pF 

I.69 kft 

0 
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Neglecting the clumped capacitance Co oí- the transducer, the relationship 

of phase angle u to the resistive part of the series equivalent circuit 

is 

(u?L - + 

where u> is the frequency of the driving waveform, R is the total resistance 

^RL+Rr)» and L and c are the lumped capacitance and inductive components of 

the equivalent circuit. Thus, though the phase angle between the driving 

voltage and current waveforms is an easily measured parameter, the relation¬ 

ship between that angle and the radiation resistance is not simple. 

If the values for L and C determined for the air loaded case are 

used to calculate e, a value of is found for air loading and 16.5° for 

water loading. The 99* for air loading compares favorably to the measured 

value of 60.9° (Fig. 1^). However, the measured value of 2.5° for water 

loading disagrees with the value thus calculated. If the correct values 

of L and C, for the water loaded case, are used to calculate 0, then a 

value of 1.1° is calculated for water loading. This is close agreement 

with the measured value. Thus phase angle is quite sensit.ve to changes in 

values for L and C. These two components can change in value from the 

effects of external temperature anu pressure changes. These changes are 

then reflected in the phase angle measurement. Also, since z is a 

complex value, the inductive or capacitive effects of the imaginary 

cari add to, or subtract irom, the values of L and C and again affect 

the phase angle measurement. 

Measurements of phase angle were meide using a phase detector connected 

to a piezoelectric ceramic disc transducer when the transducer was immersed 

in several aifferent media with various values of characteristic acoustic 

impedance. The ceramic disc was resonant at j5.2 kHz in air. Figure 17 
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shows plots of the output of the phase detector versus acoustic 

Impedance for several frequencies. It Is evident that the relationship 

of phase angle to acoustic impedance changes with changing frequency, 

as would be expected from the above equation for Ô. At none of the 

frequencies is there a linear relationship, which indicates that the 

phase angle is changing due to parameters other than the radiation 

impedance. Figure 17 illustrates the sensitivity of this measurement 

to parameters other than acoustical radiation Impedance of the medium. 

An alternative method of measuring the radiation loading of a 

transducer is being stud cd. Since the diameter of the admittance 

circle is directly dependent on the radiation loading of the trans¬ 

ducer, measurement of this diameter would provide a measurement of 

the radiation load. To make this measurement, the effects of the 

static capacitance Co must be eliminated by "tuning" the transducer 

with an inductance L in parallel so that 

where is the resonance frequency of the transducer. In such a 

case, the major diameter of the admittance circle lies on the G axis 

at resonance, Y is equal to G, and the phase angle 0 is zero. Also, 

at resonance Y is related to and as follows, 

Using this in the following expression, 

I = EY , 

where I and E are the driving current and voltage respectively, then 

the current can be expressed as 
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I 
E 

= «L + «R 

which presents a more tractable relationship between a measurable 

parameter such as the current or voltage amplitude at the input of 

the transducer and its radiation load. A drawback, to this method is 

that the resonance frequency of the transducer changes as the radiation 

loading changes so that the driving frequency must be changed to keep 

the phase angle at zero. Because the system must be operated in a 

pulsed mode to eliminate interference from boundaries, a complex 

electronic circuit is required. The schematic of Fig. 18 shows the 

system required for such a measurement. In the system, the phase-locked 

loop measures the phase between the voltage waveform and the current 

wa\eform of the transducer and varies its output frequency to keep the 

phase at zero. The output of the phase-locked loop is shaped by the 

pulse generator into a pulsed sinusoid. This pulse is amplified and 

maintained at a constant amplitude by the constant voltage amplifier 

(CVA). The CVA output is then applied to the transducer. Thus, 

because the voltage is constant and the phase is zero, the amplitude 

of the current waveform is a measure of the admittance of the transducer 

at resonance and is inversely proportional to the radiation resistance 

of the transducer. If the transducer aperture is much larger than a 

quarter wavelength, then the acoustic impedance of the medium can be 

considered real and can be measured by measuring the amplitude of the 

current waveform. A circuit based on this concept is being designed 

for further examination of the feasibility of in situ measurement of 

acoustical radiation resistance, and thus bulk density, of marine 

sediment. 

D. Conclusion 

One of the parameters of interest in characterizing a marine 

sediment is bulk density. Bulk density can be determined by removing 

a known volume of the material and weighing it. This procedure. 
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however, tends to disturb the sediment and cause errors in parameter 

measurements. To eliminate these problems, minimum disturbance 

methods are needed for in situ measuring of bulk density. One method 

is to use the radiation loading of a driven transducer to measure the 

acoustical impedance of the material. Concurrent measurement of the 

compressional wave speed then allows the bulk density to be calculated. 

An easily measured parameter is the phase angle between the driving 

voltage and current waveforms to a transducer immersed in a sediment. 

This phase angle bears a relationship to the radiation loading on the 

transducer. Although the relationship is not linear, it has been 

shown that, with the proper selection of driving frequency, a usable 

output can be obtained from such a device. 

Another, more difficult, measurement that can be made is the 

transducer driving current when the driving voltage is maintained 

constant and the tranducer is kept at resonance by varying the 

driving frequency. Under these conditions, the amplitude of the 

current through the transducer bears a linear relationship to the 

acoustical impedance of the medium loading the transducer. Circuits 

to implement this measurement technique are being designed and 

constructed. 
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IV. ENGINEERING properties measurement 

A. Introduction 

One reason for measuring the acoustical properties of ocean 

sediments is that the acoustic parameters have a direct relation to 

some of the engineering properties. In canpressional wave work, 

rect relationships have been shown to exist between compressional 

vave speed and attenuation and such physical parameter, as porosity 

mean grain size, and bulk density (Akal, 1972; Hampton, I967; 

Hamilton, 1973). Because it is important to understand how the 

engineering properties of a sediment affect its acoustic properties 

and because it is important to characterize a laboratory constructed 

sediment upon which acoustic measurements are made so that those 

measurements can be related to work done at other time, and place, 

part of the research effort under the current program was aimed at 

developing a capability to measure several important engineering 

properties of sediments. Most analytic measurements such as porosity 

or grain size are made with ordinary laboratOIy equipnent so that no 

special preparation was needed to make this type analysis. Two 

analyses did require construction of special equipnent: Atterberg 

liquid limit and vane shear measurements. Construction of this 

equipment has already been described (Shirley and Anderson, 1975b). 

In order to obtain as wide a range of parameters as possible, 

six different sediments were constructed. These consisted of a black 

carbonate clay with a carbonato content of 38%, kaolinite clay and a 

mixture of each of these two clays with 10% and 20% by weight of a 

fine silt obtained from a gravel washing operation. 
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Several engineering properties were determined for each of the 

sediments, among which are mean grain size, grain density, Atterberg 

liquid limit, Atterberg plastic limit, water content, bulk density, 

and vane shear strength. The parameters which are constant are 

summarized in Table II. The techniques used to measure the parameters 

are described separately below. 

B. Grain Size 

Two methods were used to measure the grain size distribution of 

the sediments: (a) dry sieve analysis for particle sizes down to 4cp 

ana (b) pipette analysis for particle sizes below 4«}; (see Folk, I966). 

tn the sieve analysis, a sample is dried, weighed, crushed, and then 

placed in a set of calibrated sieves. After a I5 min period of 

shaKing, the material in each sieve is weighed. Material passing through 

the 4‘. sieve is used in the pipette Analysis. In the pipette analysis, 

the sediment sample is dispersed in 1.000 ml of water containing a 

dispersing agent (Calgon) to prevent floculation. As the mineral grains 

slowly settle through the water column, specified volumes of the water- 

sediment mixture are removed by pipette at a specified depth in the 

liquid. These samples are oven dried and weighed to determine the weight 

of mineral grains in that particular volume. Because each range of grain 

sizes will have its own settling time to a certain depth, then the grain 

size can be determined from the weight of material in the samples. 

Figures ly and 20 show the grain size distributions found for the 

six sediments. Figure 19 shows the data for the three sediments with 

the black carbonate clay as the main constituent, while Fig. 20 shows 

the data for the three kaolinite cJay sediments. The percentage ratio 

of clay to silt is only approximate in each case. 



TABLE II 

Mean 
Sediment Grain 
_Size 

Pure Kaolinite 8.1cp 

Kaolinite and 10% silt 6.0<p 

Kaolinite and 20% silt 7.2cp 

Pure Black Clay 9.4<p 

Black Clay and 10% silt 7.9P 

Black Clay and 20% silt 7.2<p 

4.8<p 

Grain Atterberg Atterberg 
Mineral Liguid Plastic 
Density_Limit_Limit 

2-52 28.82 23.0% 

2*57 24.2 21.8 

2-62 21.5 18.6 

2.42 45.1 26.1 

2.47 42.5 21.0 

2-50 37.9 19.4 

2.74 - - 



FIGURE 19 
GRAIN SIZE DISTRIBUTION FOR BLACK CLAY SEDIMENTS 
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FIGURE 20 
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C. Porosity and Bulk Density 

Porosity, defined as the ratio of the volume of voids to the 

volume of solids, is calculated from the weight percentage of water 

for fresh water sediments. Water content is determined by weighing 

a sample of wet sediment, oven drying the sediment at 105 °C, and 

then rewelghing it. The percent that was water is calculated from 

the weight loss of the dried sample. 

Bulk density can be determined in one of two ways. Determination 

of the weight of an accurately measured volume of wet sample gives the 

bulk density directly. If the density of the mineral grain is known, 

bulk density can also be calculated from water content. 

Atterberg Limits 

The two Atterberg limits that are of principal interest are the 

liquid limit, defined as the water content at the point that the 

sediment ceases to be a liquid, and the plastic limit, defined as 

the water content at which the sediment is no longer plastic. 

Determination of the liquid limit requires that the sample be placed 

in a small hemispherical cup, a standard size groove cut in the 

sediment, and the cup pounded on a solid base at a constant rate 

until the groove starts to close. The water content of the sample 

when it requires 25 blows to close the groove Is defined as the liquid 

limit. 

The plastic limit is determined by rolling a small sample of 

sediment into a thin thread. The plastic limit is defined as the 

water content of the sample when a 1/8 in. diam thread starts to 

break up into small pieces (of l/6 in. to l/2 in. in length). 

The values of the Atterberg limits for the six sediments 

listed in Table I; see page 58. 
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E. V'tne Shear 3trenp:th 

Vane shear strength of a sediment is determined by measuring the 

maximum torque exerted on a 4-b±aded vane rotated in the sediment 

at a constant angular velocity. Figure 21 shows a schematic drawing 

of the device that was constructed to measure the vane shear strength 

of sediments. A small synchronous gear motor turns a shaft at the 

recommended rate of 6° per minute. Torque on the shaft is measured 

by a strain gauge bridge. The bridge is rigidly mounted on a thin 

flat crosspiece which transfers the rotational force from a yoke on 

the motor shaft to the shaft carrying the vane blades. Torque 

exerted by the motor and resisted by the sediment around the vane 

causes the crosspiece to bend and thus causes an imbalance of the 

strain gauge bridge. Two sets of vanes were constructed. One set 

has an outside diameter of 2.0 cm and a height of 1.8 cm; the other 

set has a 4.0 cm o.d. and a 2.0 cm height. 

Figure 22 shows the output of the torque sensor plotted versus 

vane angle for the 20^ silt, ÖOf Kaolinite sediment that had 25.8¾ 

water content. These curves are typical for many of the determinations. 

The torque rises steeply at first. After a change in the rate of 

Increase (change in the slope of the plot), the torque reaches a 

maximum and then gradually decreases. In a few of the measurements, 

the torque curve did not decrease after the change in slope but rather 

continued a gradual increase. In these cases the maximum -, e, for 

the present calculations of shear strength, was taken as the value on 

the curve just after the initial change in slope. Shear strength 

determinations at levels of water content were made on each of the six 

sediments. The samples were allowed to air dry over a period of time, 

water content was determined, and vane shear strength was measured. 

Figure 25 shows vane shear strength for each of the six sediments 

plotted versus water content. Circled points indicate data taken 

using the 2 cm diam vane, while points in triangles indicate data from 

the 4 cm diam vane. Torque values were converted to shear strength 

values by the following equation (Monney, 1974): 
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where 

S shear strength, 

T torque, 

H heignt oí' vane blaaes, and 

D iiameter ol' vane blades. 

The derivation of this equation is shown in Appendix I. Although the 

cm vane gave more consistent results, the shear strength values for 

the 4 cm vane were consistently lower than those for the 2 cm vane. 

This iitiding is possibly due to the fact that, although the vane 

rotation rate was the same in each case, the larger diameter of the 

4 cm vanes caused the shearing surfaces to move faster, ana consequently 

did not allow as much rebonding of sediment grains. 

F. Conclusion 

for an effective program of acoustic investigation of the properties 

of natural and laboratory sediments, one must be able to characterize the 

physical properties oi those sediments so that results can be related to 

other wor* on a larger variety of sediments. Toward this end, the 

capability of measuring various engineering properties has been developed 

as a necessary adjunct to the acoustics program. 



V. SUMMARY 

This report describes an ongoing program at ARL/LfT; the work, 

supported under Contract N00014-70-A-0166, Task OOI7, has the following 

objectives : 

1) in situ measurement of compressions! wave speed and attenuation 

in ocean sediments, 

2) in situ measurement of shear wave speed and attenuation in 

ocean sediments, 

3) in situ measurement of bulk density in ocean sediments, and 

4) correlation of the above acoustic parameters with engineering 

properties of the sediments. 

The first of the above objectives has been reached; a compressional 

wave profilometer has been developed that is capable of obtaining in 

situ compressional wave speed and attenuation profiles of ocean bottom 

sediments in water depths to 5 km. The profilometer was developed in 

the following stages. 

1) A preliminary laboratory investigation was conducted to 

confirm that compressional wave sound speed could be measured 

while coring. Previously developed transducer and laboratory 

type electronic equipment were used in this stage. 

2) Field tests were performed, still utilizing laboratory type 

electronic equipment, to confirm that results could be obtained 

in an actual working situation. 

3) Electronics equipment were designed and constructed to replace 

the laboratory type equipment and to allow operation under 

more reaJ.ist.ic condit-ions in deep v/ater. 

4) Field tests of the final equipment design in which data were 

taken during normal coring operations in deep oceanic waters. 

The equipment is now routinely used in other coring programs. 
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The second part of the program, which is concerned with shear wave 

measurements, is in the first stage of development. Unlike the compres- 

sional wave measurements which could use previously developed transducer 

technology', shear wave work in the laboratory stage required that trans¬ 

ducers capable of making the measurements be developed. Since transducers 

have now been developed which can measure shear wave parameters in soft 

sediments (shear moduli -^10^ dynes/cm, ), work is now progressing toward 

the completion of stage one and the beginning of stage two. In which 

field tests will be performed. Stage jj for shear waves will require 

less effort than for compressional waves because most of the electronics 

circuits developed to measure compressional wave parameters can be 

modified to measure shear wave parameters. 

The acoustical measurement of bulk density is also in the first 

stage of development. Thorough investigation has revealed that the 

measurement of phase angle between the current and voltage waveforms 

oí" ® drive transducer can be used to determine radiation impedance• 

However, this technique is less desirable than other measurement methods 

under investigation because of interactions of other parameters of the 

medium. 

Because the determination of engineering properties requires 

only previously developed technology and because no effort is being 

expended in this program to measure these parameters in situ, only 

the first stage of development is required for this task. As sediments 

are obtained and utilized in the acoustics part of the program, their 

engineering properties will, be determined for comparison and correlation 

with their acoustic properties. 

The accomplishments to date in the program are: 

1) routine determination of profiles of compressional wave speed 

and attenuation in deep water sediments, 

2) development of shear wave transducers capable of measuring shear 

wave speed and attenuation over a 10 cm path at frequencies as 

low as 200 Hz, 
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) development, of the capability to make both compresslonal and 

shear wave measurements over the same path at the same timet 

4) preliminary investigation of a device to measure bulk density 

in situ by acoustic means, and 

y) development of the capability to measure engineering properties 

of sediments used in the acoustics program. 

! 
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APPENDIX I 

To derive sediment shear strength from the torque applied to the 

vane blades in a vane thear ~ p parat us, the following assumptions 

(Monney, 197*0 are made. 

1) The failure surface is a right circular cylinder with radius 

equal to the width of the vane blades and with length equal 

to the height of the bleuies. 

2) The stress distribution is everywhere equal and uniform on the 

surface of the cylinder at maximum torque. 

The shear strength is defined as the shear stress at failure of 

the sediment in shear. The shear stress, s, is the force per unit 

area applied parallel to that area: 

1 ( dA 
a 7 F - 

where 

F = force, and 

A = area. 

For the sides of the cylinder, the force is everywhere constant and 

equal to the torque divided by the radius D/2 so that 

1 A 

AD 
2T 

Since the area. A, of the side of the cylinder is given by 

A = «DH 

where H = height of cylinder, then the expression for becomes 
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For the top and bottom of the cylinder, let dA be an annulus of area 

dA^2jtrdr, so that 

Since force is equal to torque divided by radius, the force applied 

to the annulus at a radius r is 

Thus, Sg can be written 

o 

which, upon integration, yields 

2 D-5 D' 
1_ 3 n B~ U 
S2 " T T 

so that Sg is given by 

Because there are two ends of the cylinder, then the total shear stress 

is given by 
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Which, from iwtí above expressions 1‘or and Sg, can be written 

Inverting this expression yields the following 

S 

This is the expression used to relate the measured torque to 

sediment shear strength in section IV of this report. 
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